ABSTRACT: Alternative techniques for integrating high-quality factor resonators using micromachining techniques have been investigated. Two methods are presented which include suspending microstrip lines on thin dielectric membranes, resulting in an effective dielectric constant of near unity, and integrating three-dimensional micromachined waveguide cavity resonators with planar feedlines. These resonators show large improvements in quality factor over conventional techniques, and more importantly, allow for planar integration in complex systems. Resonators were fabricated in suspended microstrip at 29, 37, and 62 GHz with quality factors of over 450 with very close agreement between simulated and measured results. An integrated micromachined cavity resonator was also fabricated with a TE resonance quality factor of 1117 at 24 GHz and a TE resonance quality factor of 011 021
I. INTRODUCTION
Microwave and millimeter-wave communication systems are expanding rapidly as they offer many advantages over conventional wireless links. They allow the use of very wideband radio links suitable for intersatellite and personal communications. Commercially available systems are under development at 28 GHz for the local multipoint Ž .w x distribution system LMDS 1 , the PCS networks w x at 38 GHz 2, 3 , and also a new short-range telecommunication band at 60 GHz. Commercial systems demand high yield and the ability to fabricate large volumes of systems using low-cost techniques.
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Current millimeter-wave wireless front-end transceivers use a hybrid approach with a combination of waveguide components, solid-state de-Ž . vices, and dielectric resonators Fig. 1 . All of the Ž . active components LNA, power amplifier, mixer are based on solid-state technology, and are implemented using planar MMICs. However, the diplexer and other filters are implemented either using high-Q structures such as resonant waveguide cavity filters or dielectric resonator filters. These expensive components are needed in order to have a low insertion loss, high out-of-band rejection, and high channel-to-channel isolation. The theoretical insertion loss of a filter is given by w x 4 :
Ž . ⌬ L dB f 8. Ž . where ⌬ L dB is the in-band insertion loss, c A n is the filter prototype coefficient and is a function of the number of poles and passband ripple of the filter, is the filter fractional bandwidth, and Q u is the unloaded quality factor of the resonator. Figure 2 shows the impact of the quality factor on the insertion loss of a 3 and an 8% filter. It is evident that, in order to obtain high performance, a resonator unloaded Q of 500 or higher should be used for a narrowband diplexer design. The local oscillator should also exhibit a very low-phase-noise performance which is strongly dependent on the quality factor. The oscillator phase noise, using a linear approximation, is given by: 2 2
where F is the noise figure of the active circuit with the positive feedback removed, k is the Boltzmann constant, T is the temperature, P is a¨s the available signal power, Q is the resonator L loaded Q, f is the oscillation frequency, and f 0 m is the frequency offset from the carrier where the noise spectral power is measured. For frequencies near the carrier, the phase noise is a function of 1rQ 2 . Millimeter-wave oscillators are typically fabricated with either a waveguide cavity such as w x the case of Gunn or IMPATT diodes 5 or using a dielectric resonator as in the case of HEMT or w x HBT devices 6᎐8 . These resonators exhibit a Q of 1000᎐3000 at 30᎐60 GHz, and result in excellent phase-noise performance. However, excellent performance is also achieved with a micromachined resonator with a Q of 500᎐1000.
Micromachining has been used in the past to implement high-Q on-chip mechanical resonators Ž .
Ž . with an unloaded quality factor of 20,000 at 70 w x MHz on a silicon substrate 9 , and it is predicted that mechanical resonators may reach 1 GHz in w x the future 10 . However, the mechanical resonator approach is process intensive, requires the resonators to be vacuum sealed, and only to operate with reasonable Qs at low frequencies. This paper discusses alternative methods for obtaining planar microwave and millimeter-wave high-Q elements by using micromachining techniques to alter the geometry of a silicon substrate. The paper presents two methods: the first technique is Ž . based on thin dielectric membrane technology, and the second technique is based on threedimensional etching in a cavity formation of a silicon wafer. The micromachined resonators are fully compatible with MMIC technology, and most importantly, do not require low-loss millimeterwave transitions which are necessary in waveguide technology. Also, micromachined resonators are lithographically defined, and therefore do not require exact placement and manual tuning such as in dielectric resonator designs. It is expected that micromachining techniques will be very useful in future millimeter-wave communication and phased-array systems.
II. DEFINITION OF QUALITY FACTOR
The definition for the Q factor is given by:
The equivalent circuit for a distributed resonator is taken as a parallel RLC lumped element model Ž . Fig. 3 . In order to excite the resonator, energy must be coupled into the resonator with either magnetic or electric coupling. To take into account the effects of inputroutput loading, the quality factor of a structure can be broken down into different figures of merit, namely, the loaded Ž . Ž . Q Q , the unloaded Q Q , and the external Q L u Ž . Q . The loaded Q is the measured quality ext factor taking into account the loading effects of the resonator itself, and also the loading of the external circuit. Only the loaded Q of a resonator can actually be measured, and the unloaded Q and the external Q of a resonator have to be extrapolated.
There are two main resonator configurations typically encountered in microwave and millimeter-wave circuits, namely, the bandpass and the bandstop configurations. The bandpass configu-Ž . ration Fig. 4a uses the resonator as a singleresonator bandpass filter reflecting power at frequencies away from resonance and passing power at frequencies at resonance. The bandstop con-Ž . figuration Fig. 4b allows power to pass by the resonator away from resonance, and then absorbs power from the line at resonance, increasing the effective impedance and causing more reflection.
Ž . For a resonator in a bandpass bandstop configuration with a resistive matched source and load impedance, the loaded quality factor can be obtained from measuring the 3 dB bandwidth of Ž . the S S as shown below: 21 11
where f is the resonant frequency and ⌬ f is Ž . the 3 dB bandwidth of the S S response. The 21 11 external Q can then be obtained from the loaded Q and the insertion loss of the resonator at the resonant frequency by solving:
. flection coefficient at resonance for the bandpass Ž . bandstop resonator and is measured in linear scale. The unloaded Q can be found from:
For accurate measurements, the coupling should be weak so that any influence of the loss of the feedline structure does not have a strong impact on the unloaded Q extrapolation. The three definitions for the quality factor for both the bandpass and the bandstop configurations are given by:
III. MEMBRANE-SUPPORTED SUSPENDED MICROSTRIP RESONATORS
For the case of a distributed transmission line resonator, such as a microstrip or CPW resonator, the quality factor can be found by:
where is the guided wavelength and ␣ is the attenuation in nepers per meter, including attenuation by radiation, substrate loss, and ohmic loss. Distributed resonators using microstrip structures on conventional substrates have been used extensively for applications at X-band and Ž below with reasonable values of Q 100᎐150 on . quartzrTeflon . However, with increasing frequency, thinner substrates must be used to reduce radiation loss in substrate modes. This results in narrow line dimensions for a given impedance, which greatly increases the ohmic loss, and drastically reduces the resonator Q. Micromachining techniques are used to produce a micropackaged, air dielectric line with wide transverse dimensions resulting in high-Q resonators at millimeter-wave frequencies.
Membrane-supported microstrip structures are formed by removing the silicon substrate and Ž . suspending a microstrip line on a thin 1.4 m dielectric membrane. A ground plane is formed by another micromachined substrate, and is attached to the top of the circuit. The bottom is Ž . also shielded with a third substrate Fig. 5 . For this structure, dielectric loss is eliminated with the air dielectric, the radiation loss is minimized by shielding the structure on all sides using thick via grooves to limit substrate modes, and ohmic loss is greatly reduced by allowing for very wide transverse microstrip geometries. Silicon has been used for its low-cost anisotropic etching properties. Other materials can also be used such as InP and GaAs. In the past, micromachining techniques have been successfully applied to K-and W-band membrane-supported microstrip lines and w x filters 11, 12 .
A. Fabrication
The micromachined suspended microstrip transmission line is based on a three-wafer process Ž . Fig. 5 . The top wafer will be referred to as the ground plane wafer, the middle wafer as the circuit wafer, and the bottom wafer as the shielding wafer. For the circuit wafer, a stress-compensated 1.4 m membrane layer consisting of˚Ž . SiO rSi N rSiO 7000 Ar4000 Ar3000 A is 2 3 4 2 deposited on a high-resistivity 525 m thick silicon substrate using thermal oxidation and low- pressure chemical vapor deposition. This process deposits the thin film on both sides of the silicon wafer, allowing for a membrane on the top side of the wafer and a good etch mask for the silicon removal on the back side. The thicknesses of the SiO rSi N layers are optimized by using a de-
w x flection method 13 to balance the net stress, Ž leaving the membrane in slight tension 5᎐10
. MPa to result in flat and rigid membranes. After the membrane is deposited, the circuit is patterned on the top side of the wafer using either a standard 2 m gold electroplating technique or a 1 m evaporated gold and lift-off procedure, depending on the operating frequency of the resonator. Other circuit components such as thin-film capacitors, resistors, or air bridges can also be included at this time. Next, an opening is defined on the back side of the wafer under the resonators and areas where via holes are to be formed by etching the back-side membrane with an RIE machine. The silicon is then completely etched under the circuit to the dielectric membrane which acts as an excellent etch stop. The etchant used in this work was a solution of 12.5% Ž . tetramethyl ammonium hydroxide TMAH and w x water 14 . This solution has a 1.1 mrmin etch ² : ² : ² : rate for the 100 crystal plane with a 100 : 111 selectivity of 25:1.
The bottom shielding wafer and the top ground plane wafer are 525 m thick low-resistivity wafers with a thermal oxide that acts as an etch mask. The bottom wafer is etched down 400 m, and metalized with gold to prevent radiation. The top ground plane wafer is formed by double-side etching. First, a selective etch is performed on the upper side of the top wafer to begin probe window openings. Next, the lower side is patterned, and the wafer is etched on both sides to open the probe windows and to form the upper cavity ground plane. The three wafers are finally assemw x bled using conductive silver epoxy 15 to form the complete resonator.
B. Simulation and Measurement
Several resonators were constructed using both the bandpass and bandstop configurations. In all cases, the resonators are r2 microstrip lines 0 that are weakly coupled by capacitive coupling gaps or magnetically coupled by parallel coupled lines.
A
In order to conserve membrane space, the resonator was bent in a U-shape using optimal miters. The length of the resonator was adjusted for the correct resonant frequency 1 to 29.0 GHz by using a 2 D moment-method 2 w x package IE3D 16 . The measured resonance was at 28.7 GHz, showing a 1% shift in the resonant frequency. This is due to the fringing capacitance to the sidewalls of the cavity that was not modeled with the full-wave analysis technique.
The suspended microstrip feedline is first measured without the resonator to study the effect of the CPW-to-microstrip transition. The microstrip line is 1025 m wide, resulting in an impedance of 50 ⍀ over a 250 m ground plane. The transition can be modeled with a series inductor to account for the extra inductance between the CPW and microstrip ground planes. Figure 7 shows the measured and modeled S , and excel-11 lent agreement is achieved with a 0.05 nH series inductance. Figure 7 also shows the S response 11 with the resonator present. As shown, the microstripline length is chosen to result in a good match at 27᎐32 GHz with the effects of the transition discontinuity. The measured loaded Q was 190 with a coupling y4.6 dB, giving an extracted unloaded Q of 460 at 28.7 GHz.
Three different resonators were fabricated in Ž bandpass configurations at 37 and 60 GHz 
Ž
. evaporated gold three skin depths at 60 GHz . The 500 m lines had an extracted unloaded Q of 454, and the 700 m lines had an extracted unloaded Q of 503. The repeatability of the measurements is to within 1% in Q and to within 0.03% in frequency. Some of these resonators have been used in state-of-the-art low-loss filters w x at 37 and 60 GHz 17 .
The four structures described above were simulated using method-of-moments-based HPw x w x Momentum 18 , a finite-element tool 19 , an w x empirical model from Linecalc 20 , and a code w x based on the surface impedance method 21 w x called Simian 22 . For the simulations, the conductivity of the gold lines was assumed to be 3.9 = 10 7 ⍀ y1 и m y1 . The results for the simulations and measurements are summarized in Table  I . The values based on Linecalc, MoM, and FEM all overestimate the value for the unloaded Q considerably. However, Simian models the loss very accurately, and is within 5% of the measured values. The measured Q values are 10 = larger u than microstrip resonators on GaAs or silicon, and 2 = larger than corresponding resonators on low-dielectric-constant substrates such as Teflon w x 10 . Design curves for the Q-factor were generated Ž . Ž using Simian Fig. 9 for both the 30 GHz t s 2 . Ž . m gold and 60 GHz t s 2 m gold resonators. For the 60 GHz calculations, increasing the metal thickness to 2 m will result in a 2᎐3% improvement in Q. The value of the resonator Q is very sensitive to the ground plane height. Since the cavity sidewalls are far from the line, the structure is insensitive to X᎐Y alignment. How-Ž . ever, with increasing height h ) 250 m , the CPW-to-membrane transition becomes more difficult with added transition inductance from the CPW ground to the microstrip ground plane. Also, increasing the width of the lines past 800᎐900 m results in very wide transmission lines, and makes circuit modeling and design more Ž . difficult. See Fig. 10 . Therefore, practical considerations will limit the Q of such resonators to 450᎐550 for most applications.
IV. INTEGRATED MICROMACHINED CAVITY RESONATORS
The quality factor of the suspended microstripline shows a large improvement over conventional microstriplines, but in many cases, an unloaded quality factor of 500 is still not enough. One way to increase the resonator Q is to integrate miniature three-dimensional cavities in the silicon substrate.
The integrated micromachined waveguide resonator was first demonstrated at 10 GHz for the case of very strong transmission coupling using a two-wafer process with a slot-aperture coupling w x 23 . The slot was excited by a microstripline above it. This method requires two wafers: one for the microstrip-to-slot transition, and the sec-Ž . ond for the actual cavity Fig. 11a . However, the Q of the resonator is strongly related to the thickness of the cavity which, in this case, is limited to a standard thickness wafer. Also, at millimeter-wave frequencies, the microstripline Ž must be integrated on a thin substrate 250 m at . 30 GHz, 150 m at 60 GHz, etc. with the expected additional circuit losses.
A new approach is presented for feeding the cavity that increases the quality factor and simplifies the fabrication. The cavity is constructed from Ž . two standard thickness 525 m silicon wafers etched 450 m down. A CPW line is defined on the bottom wafer to the edge of the cavity, and a wire bond is placed from the end of the CPW line to the base of the cavity. This acts as an electric loop triggering the dominant TE -mode at reso-011 nance. The amount of coupling is controlled by the length of the wire bond and the number of bonds placed. The top cavity is identical to the Ž bottom cavity, except that a groove called a . ''mouse hole'' is etched above the CPW line on the bottom cavity. The groove is to prevent shorting the CPW line when the two wafers are bonded Ž . together Fig. 11b . The two wafers are bonded together with conductive epoxy. For minimal cavity disturbance, the feedlines and wire bonds are placed where the current on the sidewalls of the cavity is at a minimum. For the case of a rectangular cavity, the corners have a current null. Using this method, the maximum operating frequency is set by the dimensions of the CPW feedlines, and not the substrate thickness, and the Q is increased by increasing the cavity height by a factor of 2 using standard thickness substrates.
A. Fabrication
A thermal oxide is grown on two standard-thickness silicon wafers to act as an etch mask for the micromachining process. The bottom wafer that contains the feedlines is a high-resistivity sub-Ž . strate 2000 ⍀ и cm , and the top wafer is a low-Ž . 
Ž
. resistivity substrate 5᎐7 ⍀ и cm . The CPW feedlines are deposited on the bottom wafer using a gold electroplating process. Next, the oxide where the cavity is to be etched is removed with a wet chemical etch. The cavity resonator is defined 500 m away from the end of the CPW feedline. The designed cavity dimensions are 8.84 mm = 8.84 mm for a TE resonant frequency of 24 GHz.
011
The cavity is then etched 450 m in an anisotropic Ž . silicon etchant TMAH . The etchant has a selec-² : ² : tivity to the 100 : 111 crystal plane of approximately 25:1. This gives an undercut of roughly 15 m, leaving a small SiO lip. It is essential to 2 remove this lip in BHF to eliminate any gold shadowing due to the lip, and thus result in a very low Q. The CPW feedlines are then masked with photoresist, and the entire cavity is metalized with a 3 m layer of sputtered and electroplated gold. Four 18 m thick gold wire bonds in parallel are used to excite the cavity. The wire bonds were approximately 1.2 mm long, placed from the feedline in the corner of the cavity diagonally toward the center of the cavity with a calculated series inductance of 0.5 nH.
The top wafer is fabricated using a two-step etch to allow for the ''mouse holes'' above the CPW feedlines. First, the cavity and the feedline mouse holes are patterned, and the oxide is etched halfway through. Next, the cavity alone is patterned, and the remaining oxide covering the cavity is etched, exposing the bare silicon. The substrate is then placed in the anisotropic etchant, and the cavity is etched 350 m down. The remaining oxide covering the feedline mouseholes is carefully etched away, making sure not to completely etch the oxide protecting the surrounding areas. Again, the substrate is placed in the silicon etchant for another 100 m of etching, yielding a cavity depth of 450 m and a mousehole depth of 100 m. The thermal oxide is completely stripped off, eliminating the lip formed from the undercut of the silicon etching. The top wafer is then metalized with a 3 m layer of sputtered and electroplated gold. The two substrates are bonded using conductive epoxy.
B. Simulation
The unloaded quality factor of a resonant cavity w x is found from 24 :
where W and W are the energies stored in the m e magnetic and electric fields, respectively, and P l is the net power dissipated. In the case of the air-filled cavity, the net power dissipated is purely the ohmic loss from the currents on the sides of the resonator. By neglecting the effects of the nonvertical sidewalls, the effects of the mousehole, any imperfections in bonding, and by assuming that all of the current is concentrated in one skin depth, the quality factors for different resonances can be easily calculated using the known current and field distribution for a given cavity mode. The unloaded quality factor for the first two modes is 1240 for the TE at 24 GHz and 011 1560 for the TE mode at 38 GHz using the 021 conductivity of gold as 3.9 = 10 7 ⍀ y1 и m y1 .
C. Measurements
The cavity resonator was measured with an HP8510C using an SOLT calibration with the probe tips as the calibrated reference plane. The measured TE resonant mode was 23.97 GHz, 011 which is in excellent agreement with the designed value of 24 GHz. At resonance, the measured S 21 Ž . is y15.2 dB with a loaded quality factor Q of l 909, resulting in a Q of 1100, which is in good u agreement with the calculated value of 1237. The calculated value does not include the increase resistance from the silver epoxy bonding, the effects of the mouse holes altering the current distribution on the resonator, or the loss in the 2 mm CPW feedlines. The combined loss of both feedlines is 0.6 dB. Subtracting this from the measured S gives a Q of 1117. The TE 21 u 021 occurs at 37.95 GHz with a measured value of Q l of 690 with an S of y7.9 dB. When the loss of 21 Ž . the CPW feedlines 0.75 dB at 38 GHz is removed, Q is 1163. To the authors' knowledge, u this is the highest Q integrated resonator to date at K-band, and could be used in low-phase-noise millimeter-wave oscillator designs.
V. CONCLUSIONS
Micromachining techniques have been applied to fabricate high-Q integrated resonators. The fabrication is compatible with most CMOS and MMIC processes. Micromachined suspended microstriplines exhibit quality factors in the range of 450᎐500 at 29, 37, and 62 GHz in both bandpass and bandstop configurations. Furthermore, calculations using Simian show that practical considerations limit the Q of suspended microstrip resonators to 550. These resonators can be easily w x used in complex filter designs 17 . Integrated miniature waveguide cavity resonators have also Ž . been fabricated at 24 GHz dominant mode with a quality factor of 1100᎐1200. The micromachined waveguide cavities can be readily scaled to Ž 60 GHz 3.5 mm = 3.5 mm = 800 m with a . Ž calculated Q s 1600 and to 77 GHz 2.8 mm = u . 2.8 mm = 800 m with a calculated Q s 1670 u using standard thickness wafers for communication systems and automotive radars.
